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Chapter 9 
Isotopic Characterization of  

Waters Across Chile
R. Sánchez-Murillo,1,* E. Aguirre-Dueñas,2 M. Gallardo-Amestica,2 

P. Moya-Vega,2 C. Birkel,3 G. Esquivel-Hernández1 and J. Boll4

Introduction

Chile is a long, narrow strip of land between the southeastern Pacific 
Ocean (west) and southern Andes Cordillera (18º–67º S, east). This large 
geographic and orographic (up to ~ 6,900 m a.s.l.) spectrum comprises a 
wide range of climatic scenarios from warm and cold desert in the north, to 
temperate and cold oceanic climate in the east and southeast, and temperate 
Mediterranean climate in the central region, offering a unique setting to 
study latitudinal water stable isotope variations governed by geographic 
features and potentially reflecting shifts in modern climatic patterns. The 
recognition that modern precipitation dynamics may help to understand 
past climate conditions preserved in paleo-archives has increased the 
number of studies across the entire Andes Cordillera (Wolfe et al., 2001; 
Hoffmann et al., 2003; Vuille et al., 2003; Vimeux et al., 2009; Perry et al., 
2014; Fiorella et al., 2015a, b). In Chile, isotopic studies have been highly 
concentrated in the northern region due to the intriguing extreme dryness 
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of the Atacama Desert, the proximity of the Altiplano (i.e., Andean Plateau) 
within the Central Andes Cordillera, and the need for better understanding 
of groundwater recharge processes to ultimately improve water resources 
management in the arid northern region. In the south of Chile, however, 
abundant surface water and groundwater resources coupled with remote 
locations have resulted in less frequent studies compared to the central and 
northern regions (Arumí and Oyarzún, 2006). Nevertheless, water-related 
stable isotope studies in the latter region are receiving increased attention 
(Hervé-Fernández et al., 2016; Lavergne et al., 2017). 

A pioneering three-year data set (1984–1986) of precipitation isotopes 
from northern Chile by Aravena et al. (1999) showed δ18O values ranging 
between –18‰ and –15‰ at high altitude stations, compared to –10‰ and 
–6‰ at lower elevations. The δ18O-depleted values observed in the high 
altitude area, the Altiplano, were related to processes that affect the air 
masses that (i) originated over the Atlantic Ocean, (ii) cross the Amazon 
Basin (continental effect), (iii) ascended the Andes (altitude effect) and 
(iv) precipitated (convective effect) in the Altiplano. They also identified a 
second source of moisture, associated with air masses from the southeastern 
Pacific Ocean, which may have contributed to δ18O-enriched values observed 
in lower altitude areas. Similar isotopic patterns were documented in 
springs and groundwater showing the representation of the long-term 
isotopic composition of rain in northern Chile. The relationship between 
the isotopic and chemical composition of rain, spring, and stream water 
in the high Andes of northern Chile was first studied by Fritz et al. (1981) 
and Magaritz et al. (1989). Fritz et al. (1981) reported that groundwater 
at Pampa del Tamarugal (within the Atacama Desert) originates from 
infiltrated surface water rather than directly infiltrated precipitation. Based 
on their low 14C activities, the authors suggested that most of the water 
pumped was fossil. Magaritz et al. (1989) showed that the isotopic pattern 
of the springs in the high Andes of northern Chile is mainly a reflection of 
the altitude of their recharge areas, whereas processes that occur during 
snow melt seem to play a major role in the high-altitude springs. Similarly, 
the streams show analogous patterns to the springs in the higher part 
of the basins, but their isotopic composition is modified along the river 
course, mainly due to secondary evaporation processes along the river 
network. Hydrochemical studies in the Limarí River Basin in northern 
Chile (Oyarzún et al., 2014) showed an active interaction between surface 
water and shallow groundwater, and a minor effect of local precipitation 
events on the hydrological behavior in the study area. A recent study by 
Uribe et al. (2015) in closed basins within Salar del Huasco (northern Chile) 
estimated a long-term average recharge of 22 mm/yr and demonstrated no 
hydrogeological connectivity between the aquifer of the Salar del Huasco 
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Basin and the aquifer that feeds the springs of the nearby town of Pica. In 
central Chile, Ohlanders et al. (2013) determined glacier and snowmelt 
contributions to streamflow using stable isotopes in precipitation and 
surface water, whereby glacier and snowmelt inputs ranged from 50 up to 
90% during dry La Niña years.

From a larger scale perspective, Bershaw et al. (2016) conducted an 
extensive study in modern surface water samples (including the northern 
Andean Plateau and surrounding regions) to elucidate patterns and causes 
of isotope fractionation in this continental environment. The authors 
reported a progressive increase in δ18O of stream water west of the eastern 
Cordillera (~ 1‰/70 km), which they attributed to a larger fraction of 
moisture recycling and a potential evaporative enrichment downwind, 
concluding that elevation is a primary control on the isotopic composition 
of surface water across the entire Andean Plateau and its surrounding areas. 
Consistent with the early findings by Aravena et al. (1999), Bershaw et al. 
(2016) and Fiorella et al. (2015a, b) suggested that precipitation patterns in 
the central Andes Cordillera are mainly governed by the easterly winds, 
which provide a large supply of moisture. The southeastern Pacific-derived 
moisture only contributes a minor amount at low elevations near the coast 
of, for example, La Serena. Similarly, Hoke et al. (2013) conducted a study 
on the eastern flank of the Andes in the Mendoza Province of Argentina, 
including a sampling transect in the western flank of the border with Chile 
(Las Cuevas, 3,200 m a.s.l.). Their results indicated that precipitation on the 
eastern slopes of the Andes at ~ 33° S, at elevations above 2 km, is largely 
derived from a westerly Pacific-source component and a mixture of easterly 
and westerly sources below 2 km. 

The main goal of this chapter is to present a long-term analysis of water 
stable isotope (δ18O, δ2H, d-excess, and lc-excess) variations in precipitation 
across the extreme latitudinal and altitudinal gradients of Chile coupled 
with representative surface water, groundwater, geothermal and ice coring 
isotopic data. The core of temporal and spatial analysis is based on a  
24-year (1991–2015) continuous record of monthly precipitation samples 
(N = 684) across four stations (from north to south): La Serena, Santiago, 
Puerto Montt and Punta Arenas. The isotopic values were obtained from the 
Isotopes Monitoring in Precipitation database of the Environmental Isotopes 
Laboratory of the Chilean Nuclear Energy Commission (GNIP-CCHEN) 
(http://www.cchen.cl/). Five discontinued short-term GNIP-CCHEN 
stations (1988–1991) were included for a better spatial coverage: Valparaíso, 
Temuco, Concepción, Chillán and Coyhaique. Additionally, representative 
precipitation, surface water, groundwater, geothermal and ice core isotopic 
data were obtained from the existing literature (Fritz et al., 1981; Aravena 
and Suzuki, 1990; Alpers and Whittemore, 1990; Aravena, 1995; Aravena 
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et al., 1999; Leybourne and Cameron, 2006; Ohlanders et al., 2013; Hoke 
et al., 2013; Oyarzún et al., 2014; Uribe et al., 2015; Fernández-Hervé et al., 
2016) and from the isotopic archives of the International Atomic Energy 
Agency (IAEA, 2016). Long-term seasonal and temporal diagnostics are 
coupled with 10-day representative Lagrangian air mass back trajectories to 
highlight prevailing moisture sources and distinguish transport mechanisms 
as well as the influence of latitudinal isotopic effects during the wettest 
months. Analysis of these long-term water stable isotope data provides a 
fundamental baseline and revision for future isotope-informed modeling 
efforts and paleoclimate interpretations across the Pacific and Atlantic slopes 
within the southern Andes Cordillera biomes. 

Climate Generalities

Chile is characterized by strong climatic gradients due to its unique 
geographical setting that extends over 4,000 km from around 18° S to almost 
67° S (Fig. 9.57; Table 9.14). Such a longitudinal extension is coupled to an 
extreme topographical gradient from sea level up to ~ 6,900 m a.s.l. (i.e., Ojos 
del Salado volcano) with the Andes Cordillera traversing the continent and 
all of Chile. The Andes Cordillera act as an orographic barrier and separate 
Chile from air mass movements from the Atlantic Ocean (Aravena et al., 
1999). Furthermore, Chile’s climate is strongly influenced by the subtropical 
southeastern Pacific anticyclone (high pressure area) with cold sea currents 
(i.e., Humboldt Current) and low pressure systems forming off the Antarctic 
Sea (i.e., circumpolar low pressure area). Four main morphological units 
condition the existence of 11 different types of climate (from warm desert to 
polar/tundra) and associated vegetation: Coastal Plains, Coastal Mountains, 
Intermediate Depression and the Andes Cordillera (Smith and Evans, 2007). 

As a consequence, northern Chile is characterized by the hyper-arid 
Atacama Desert with very low precipitation and high temperatures 
extending close to the city of La Serena (Verbist et al., 2010). According 
to the modified Köppen-Geiger climate classification by Peel et al. 
(2007), the area of La Serena is a cold desert climate (BWk) with annual 
rainfall of around 100 mm and a mean air temperature of 14°C (Fig. 9.57;  
Table 9.14). Peak rainfall occurs in winter (July) with virtually no rain during 
the summer months from November through April. Further to the south at 
an elevation of around 500 m a.s.l., the city of Santiago is characterized by a 
semi-arid cold steppe (BSk) climate with slightly higher annual precipitation 
of 329 mm on average and a mean annual air temperature of 13.9°C  
(Fig. 9.57; Table 9.14). Towards the central southern region of Chile rainfall 
is abundant with a mean annual amount of 1,952 mm at Puerto Montt 
and an average annual air temperature of 10.3°C (Fig. 9.57; Table 9.14). 
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The climate of Puerto Montt is classified as dry-summer Mediterranean  
(Csb) with rainfall peaking in winter from June to September (Fig. 9.57;  
Table 9.14). In the Patagonia region, the climate of Punta Arenas can be 
described as maritime temperate (Cfc) with average annual rainfall of 410 
mm and an average temperature of 5.8°C (Fig. 9.57; Table 9.14). Generally, 
precipitation increases with altitude and falls mostly as snow in the southern 
hemisphere winter, despite few high altitude measurements (Favier et  
al., 2009).

Fig. 9.57  Map of Chile including: long-term (24-years) stable isotope monitoring stations 
from GNIP-CCHEN (La Serena, Santiago, Puerto Montt and Punta Arenas) (red triangles), 
gridded mean annual precipitation (MAP) (mm yr–1), and four climographs showing monthly 
mean precipitation (MMP) (blue bars) and monthly mean temperature (red line) for each 
station (both variables were derived from the most recent monthly gridded Global Historical 
Climatology Network, GHCN, version 3.0 product; Peterson and Vose, 1997). Based on the 
updated Köppen-Geiger world climate classification (Peel et al., 2007), the study site climates 
are classified as: mid-latitude cold desert (BWk, La Serena), semi-arid cold steppe (BSk, 
Santiago), dry-summer or Mediterranean (Csb, Puerto Montt), and maritime temperate/sub-
polar or oceanic (Cfc, Punta Arenas). 



210  Andean Hydrology

Ta
b

le
 9

.1
4 

L
on

g-
te

rm
 (1

99
1–

20
15

) s
ta

bl
e 

is
ot

op
e 

ch
ar

ac
te

ri
st

ic
s 

in
 p

re
ci

pi
ta

ti
on

 a
cr

os
s 

C
hi

le
 a

t f
ou

r 
co

nt
in

uo
us

 m
on

it
or

in
g 

st
at

io
ns

. 

U
ni

t (
‰

)
L

a 
Se

re
na

 (N
 =

 4
0)

Sa
nt

ia
go

 (N
 =

 1
45

)
Pu

er
to

 M
on

tt
 (N

 =
 2

41
)

Pu
nt

a 
A

re
na

s 
(N

 =
 2

58
)

δ18
O

δ2 H
d

-e
x

lc
-e

x
δ18

O
δ2 H

d
-e

x
lc

-e
x

δ18
O

δ2 H
d

-e
x

lc
-e

x
δ18

O
δ2 H

d
-e

x
lc

-e
x

M
ea

n
–4

.9
–2

9.
6

9.
8

1.
7

–7
.4

–5
0.

6
8.

3
–0

.4
–5

.5
–3

6.
6

7.
7

–0
.5

–9
.1

–7
0.

5
2.

3
–6

.9

SD
2.

2
15

.9
5.

5
11

.6
2.

7
21

.3
5.

1
17

.5
2.

7
18

.7
5.

8
18

.8
3.

3
23

.8
6.

9
11

.7

M
ax

1.
0

4.
4

19
.6

–1
1.

7
–2

.1
–3

.0
25

.1
–1

4.
7

3.
5

18
.4

25
.9

–1
9.

8
3.

5
18

.4
19

.2
–2

4.
7

M
in

–1
0.

0
–7

6.
0

–5
.3

5.
2

–1
3.

7
–9

9.
0

–6
.3

5.
0

–1
4.

5
–1

01
.1

–1
3.

4
5.

4
–2

1.
4

–1
62

.7
–1

7.
7

6.
5

w
-m

ea
n

–5
.6

–3
4.

5
10

.4
–0

.2
–8

.2
–5

5.
0

10
.9

1.
7

–6
.6

–4
3.

1
9.

7
0.

6
–9

.1
–7

2.
1

0.
6

–1
.6



    Isotopic Characterization of Waters Across Chile  211

Methods

The 24-years (1991–2015) continuous record of monthly precipitation 
samples (N = 684) was compiled from data of four stations: La Serena 
(northern region, ~ 30° S, 142 m a.s.l., N = 40), Santiago (inter-mountainous 
central region, ~ 33° S, 520 m a.s.l., N = 145), Puerto Montt (southern coastal 
region, ~ 41° S, 81 m a.s.l., N = 241) and Punta Arenas (Patagonia region, 
~ 53° S, 37 m a.s.l., N = 258) (Fig. 9.57). Monthly stable isotope archives 
(δ18O and δ2H) of precipitation (1991–2015) were obtained from the GNIP-
CCHEN (http://www.cchen.cl/) in cooperation with the Meteorological 
Directorate of Chile under the General Directorate of Civil Aviation of 
Chile (DGAC). The Chilean network is part of the GNIP initiative (GNIP-
IAEA-WMO, 2016). This database also includes observed mean monthly air 
temperature (°C) and monthly precipitation amount (mm). Mean monthly 
precipitation P (mm) and temperature T (°C) characteristics were used to 
construct individual climographs (Fig. 9.57) were derived from the most 
recent monthly gridded Global Historical Climatology Network (GHCN) 
version 3.0 product (Peterson and Vose, 1997). In addition, gridded mean 
annual δ18O (‰) in precipitation below ~ 20° S for South America was 
derived from Bowen and Revenaugh (2003) for comparison purposes. 

Precipitation samples collected before 2009 were analyzed in a 
FINNIGAN Mat 252 Isotope Ratio Mass Spectrometer (IRMS) with 
an automatic equilibrium method (CO2–H2O; H2–H2O), the analytical 
precision was ±0.2‰ for 18O/16O and ±1‰ for 2H/1H. After 2009, isotope 
compositions were measured by laser spectrometry using a LWIA-LGR DLT-
100 (Los Gatos Research, USA) with an analytical precision of ±0.08‰ for 
18O/16O and ±1‰ for 2H/1H. Isotopic compositions were normalized to the 
VSMOW-SLAP scales, through the use of calibrated secondary laboratory 
standards and are defined as: 

	 δ2Hsample = 
(2H/1H)sample – (2H/1H)VSMOW 

		  (2H/1H)VSMOW

	 (1)

	 δ18Osample = 
(18O/16O)sample – (18O/16O)VSMOW 

		  (18O/16O)VSMOW

	 (2)

Deuterium excess (hereafter d-excess; Dansgaard, 1964) was calculated 
for each monthly sample (Equation 3). In addition, to determine the degree 
of deviation of monthly precipitation samples from regional/Local Meteoric 
Water Lines (LMWL), the line-conditioned excess (lc-excess) was calculated 
according to Landwehr and Coplen (2006) (Equation 4) (La Serena: a = 6.97, 
b = 4.68; Santiago: a = 7.72, b = 6.64; Puerto Montt: a = 6.72, b = 0.63; Punta 
Arenas: a = 7.02, b = –6.62). This calculation uses the LMWL as a reference 
rather than simply using the deviation from the GMWL (Sprenger et al., 
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2017). The coefficients a and b are the slope and the y-intercept of the LMWL, 
respectively. Based on the analytical precision reported, the estimated 
average uncertainties are ±1.1‰ (d-excess) and ±1.5‰ (lc-excess). 

	 d – excess = δ2H – 8 . δ18O	  (3)

	 lc – excess = δ2H – a . δ18O – b	 (4)

Five discontinued short-term GNIP-CCHEN stations (1988–1991) were 
included to achieve a better spatial coverage: Valparaíso (central coastal 
region, ~ 33° S, 41 m a.s.l., N = 16), Temuco (southern-central region,  
~ 39° S, 114 m a.s.l., N = 27), Concepción (southern coastal region,  
~ 37° S, 11 m a.s.l., N = 19), Chillán (southern-central region, ~ 36° S,  
147 m a.s.l., N = 27) and Coyhaique (Patagonia region, ~ 45° S, 310 m a.s.l., 
N = 117) (Fig. 9.58). Additionally, representative precipitation, surface water, 
groundwater, geothermal and ice core isotopic data were obtained from 
the existing literature (Fritz et al., 1981; Aravena and Suzuki, 1990; Alpers 
and Whittemore, 1990; Aravena, 1995; Aravena et al., 1999; Leybourne and 
Cameron, 2006; Ohlanders et al., 2013; Hoke et al., 2013; Oyarzún et al., 
2014; Uribe et al., 2015; Fernández-Hervé et al., 2016) and from the isotopic 
archives of IAEA (2016) (Fig. 9.58). 

The influence of atmospheric trajectory and source meteorological 
conditions on the subsequent stable isotope composition of precipitation 
was analyzed using the HYSPLIT Lagrangian model (Stein et al., 2015) 
developed by the Air Resources Laboratory  of NOAA (USA). The HYSPLIT 
model uses a three-dimensional Lagrangian air mass vertical velocity 
algorithm to determine the position of the air mass and reports these 
values at an hourly time-resolution over the trajectory (Soderberg et al., 
2013). Representative 10-day air mass back trajectories were calculated 
for the three wettest months in 2015 at each monitoring station due to the 
nature of the monthly sampling. To compute a trajectory, the HYSPLIT 
model requires a starting time, location and altitude as well as NOAA 
meteorological data files (e.g., GDAS, global data assimilation system, 0.5° 
resolution: 2006-present; Su et al., 2015). 

Results and Discussion

Regional isotopic characteristics

The best-fit continental meteoric water line to data from Chile (Chile-
LMWL) is described as: δ2H = 7.66 · δ18O + 3.42 (r2 = 0.94, N = 684, p < 0.001)  
(Fig. 9.59A, top panel). Overall in the 24-years continuous record and 
across the four monitoring stations, δ18O and δ2H ranged from –21.4‰ 
to +3.5‰ and from –162.7‰ to +18.4‰, respectively (Figs. 9.59B  
and 9.59C, top panel), while d-excess ranged from –17.7‰ to +25.9‰  
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(mean = +7.0‰) and lc-excess varied from –6.9‰ to +1.7‰ (mean = –1.5‰) 
(Table 9.14). For the La Serena station, located near the southeastern Pacific 
coast (Fig. 9.57), the LMWL is described as: δ2H = 6.97 · δ18O + 4.68 (r2 = 
0.90, N = 40, p < 0.001) (Fig. 9.59A, top panel). Since the northern region of 
Chile is semi-permanently under the influence of a high pressure system 
known as the sub-tropical southeastern Pacific anticyclone in combination 
with the cold Humboldt Current (Montecinos and Aceituno, 2003) and 
the isolation of the Atlantic Ocean moisture by the Andes Cordillera 
(Aravena et al., 1999), the precipitation events are less intense and occur 
mostly from May through August. Although the long-term d-excess at La 

Fig. 9.58  Overview map of Chile including (a) the core GNIP-CCHEN monitoring stations 
and 5 discontinued short-term GNIP-CCHEN stations (pink octagons), (b) other precipitation 
samples from IAEA archives (green crossed-circles), (c) published precipitation data with 
available locations by Aravena et al. (1999) (yellow triangles), Hoke et al. (2013) (pink triangles), 
and Ohlanders et al. (2013) (yellow-black circles), (d) surface water (SW, cyan rhombi), 
groundwater (GW, blue crosses), and ice coring (red hexagons) isotope samples from IAEA 
archives. The inset shows the high concentration of isotopic sampling in northern Chile. 
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Fig. 9.59  Top panel: (A) Local Meteoric Water Lines (LMWLs) for each 24-years monitoring 
station. Bottom panel: (A) Local Meteoric Water Lines (LMWLs) for each discontinued short-
term GNIP-CCHEN monitoring station and available data from Aravena et al. (1999), Hoke 
et al. (2013), and IAEA archives for Chile. The GMWL (black line) and Chile MWL (blue line) 
are plotted as references. Insets (B) and (C) in both panels show histograms for δ18O (‰) and 
δ2H (‰), respectively.
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Serena (+9.8‰) is close to the global mean (+10‰; Craig, 1961), potential 
secondary evaporation processes below the cloud base during small 
rainfall events (MAP = 106 mm) coupled with a moderate mean annual 
air temperature range (10–20°C; Fig. 9.57) may introduce an artifact effect 
(Sánchez-Murillo et al., 2016a) which is responsible for the relatively lower 
slope and intercept values. For the Santiago station, located at a higher 
elevation (520 m a.s.l.) and approximately ~ 100 km from the Pacific coast, 
the LMWL is described as: δ2H = 7.72 · δ18O + 6.64 (r2 = 0.94, N = 145,  
p < 0.001) (Fig. 9.59A, top panel). Enhanced orographic distillation and 
greater precipitation amounts (MAP = 329; Fig. 9.57; Table 9.14) resulted in 
more depleted values with a mean δ18O of –7.4‰. In the southern coastal 
region of Puerto Montt, the LMWL can be described as δ2H = 6.72 · δ18O 
+ 0.63 (r2 = 0.94, N = 241, p < 0.001) (Fig. 9.59A, top panel). This location 
experienced a typical temperate oceanic climate with large precipitation 
amounts year round (MAP = 1,952 mm; Fig. 9.57) and moderate mean 
annual air temperatures, ranging from 15°C down to 5°C. In the coastal 
Patagonia region of Punta Arenas, the LMWL is described as: δ2H = 7.02 · 
δ18O – 6.62 (r2 = 0.93, N = 258, p < 0.001) (Fig. 9.59A, top panel). Mean annual 
precipitation at Punta Arenas (410 mm) as well as mean annual temperature 
(ranging from 10°C down to 0°C) are considerably lower than at Puerto 
Montt (Fig. 9.57). In the last two locations, the lower intercepts may represent 
enhanced non-equilibrium processes due the influence of the circumpolar 
low pressure and temperature conditions from the Antarctic Sea. Overall, 
a clear latitudinal effect was observed in the isotopic composition along 
Chile. For instance, long-term d-excess and lc-excess exhibited a consistent 
decreasing latitudinal trend: +9.8‰ (+1.5‰) (La Serena), +8.3‰ (–0.4‰) 
(Santiago), +7.7‰ (–0.5‰) (Puerto Montt), and +2.3‰(–6.9‰) (Punta 
Arenas) (Table 9.14), reflecting the influence of non-equilibrium processes 
as the mean annual temperature decreases towards the southern region, 
which favors snow formation and greater kinetic fractionation (Dansgaard, 
1964). A similar decreasing trend was observed for δ18O and δ2H (Table 9.14).

For the five discontinued short-term (1988–1991) GNIP-CCHEN 
monitoring stations (Fig. 9.58), a similar isotopic pattern was observed when 
analyzing the LMWLs. For instance, the LMWL at Coyhaique (Patagonia 
region, Fig. 9.58) is described as: δ2H = 6.93 · δ18O – 6.31 (r2 = 0.93, N = 117,  
p < 0.001) (Fig. 9.59A, bottom panel) in concordance with the Punta Arenas-
LMWL. The LMWLs at Temuco, Chillán, and Concepción (Fig. 9.58) also 
exhibited relatively low slopes (4.92 up to 6.84) and intercept (–4.76 up to 
–0.26) values (Fig. 9.59A, bottom panel). Valparaíso-LMWL is the only one 
across Chile from the GNIP-CCHEN database with a relatively high slope 
and intercept (δ2H = 8.58 · δ18O + 12.88 (r2 = 0.85, N = 16, p < 0.001). However, 
the lower sample size may not be sufficient to establish further inferences. In 
general, the spectrum of isotopic composition in precipitation across Chile 
ranged from –22.8‰ up to +3.5‰ for δ18O and from –169‰ up to +18.4‰ 
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for δ2H (Fig. 9.59B and 9.59C, in both panels). By combining all available 
isotopic precipitation records, the continental MWL can be described as: 
δ2H = 7.59 · δ18O + 3.25 (r2 = 0.95, N = 957, p < 0.001), which is quite similar 
to the one described by the 24-years continuous monitoring stations. 

Long-term Spatial Variability

Dual relationships between δ2H, d-excess, and lc-excess (Figs. 9.66S; 9.67S) 
revealed a strong gradient from north to south and suggested a large 
influence of kinetic processes likely related to snow formation, particularly, 
in the southern region of Chile. In the arid region of La Serena, δ18O and δ2H 
ranged from –10.0‰ to +1.0‰ (mean = –4.9 ± 2.2‰) and –76.0‰ to +4.4‰ 
(mean = –29.6 ± 15.9‰), respectively. The values of d-excess and lc-excess 
ranged from +19.6‰ up to –5.3‰ (mean = +9.8 ± 5.5‰) and from +5.2‰ 
up to –11.7‰ (mean = +1.7 ± 11.6‰), respectively (Fig. 9.60a; Table 9.14). In 
the central region of Santiago, δ18O and δ2H ranged from –13.7‰ to –2.1‰  
(mean = –7.4 ± 2.7‰) and –99.0‰ to –3.0‰ (mean = –50.6 ± 21.3‰), 
respectively, whereas d-excess and lc-excess fluctuated from +25.1‰ up to 
–6.3‰ (mean = +8.3 ± 5.1‰) and from +5.0‰ up to –14.7‰ (mean = –0.4 
± 17.5‰) (Fig. 9.60b; Table 9.14). In the southern coastal region of Puerto 
Montt, δ18O and δ2H ranged from –14.5‰ to +3.5‰ (mean = –5.5 ± 2.7‰) 
and –101.1‰ to +18.4‰ (mean = –36.6 ± 18.4‰), respectively. Likewise, 
d-excess and lc-excess varied from –13.4‰ up to +25.9‰ (mean = +7.7 ± 
5.8‰) and from +5.4‰ up to –19.8‰ (mean = –0.5 ± 18.8‰) (Fig. 9.60c;  
Table 9.14). In Punta Arenas, δ18O and δ2H ranged from –21.4‰ to +3.5‰ 
(mean = –9.1 ± 3.3‰) and –162.7‰ to +18.4‰ (mean = –70.5 ± 23.8‰), 
respectively, whereas d-excess and lc-excess ranged from –17.7‰ up to 
+19.2‰ (mean = +2.3 ± 6.9‰) and from +6.5‰ up to –24.7‰ (mean = –6.9 
± 11.7‰) (Fig. 9.60d; Table 9.14). 

Long-term Seasonal Variability

Long-term seasonality is well constrained across the four continuous 
monitoring stations (Fig. 9.57). Isotopic composition decreased from 
summer (DJF) to a minimum in winter (JJA) and increased again towards 
the spring season (SON) (Fig. 9.61; Table 9.15). In general, enriched and less 
variable isotopic values (–4.5‰ to –5.20‰ for δ18O and –23.7‰ to –32.6‰ 
δ2H) were observed at La Serena (Fig. 9.61). This location is isolated from 
the influence of the Atlantic Ocean moisture by the central Andes Cordillera 
and received no rainfall in DJF. The most depleted values were observed at 
Punta Arenas monitoring station, where δ18O composition decreased from 
–7.2‰ in summer (DFJ) to –9.2‰ in autumn (MAM), reached a minimum 
of –10.7‰ in winter (JJA) and increased again to –9.1‰ in spring (SON). 
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Fig. 9.60  Monthly δ18O (‰), d-excess (‰), and lc-excess (‰) time series (1991–2015) of (A) 
La Serena, (B) Santiago, (C) Puerto Montt, and (D) Punta Arenas. Dashed-lines represent the 
lc-excess value of 0‰.

Fig. 9.61  Long-term seasonal δ18O (‰) variability for each station. Seasons are grouped as: 
DJF (summer), MAM (autumn), JJA (winter), and SON (spring).
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Although, the seasonal pattern at Puerto Montt and Santiago followed the 
same trend, the isotopic composition at Santiago was more depleted due to 
its higher elevation and larger orographic distillation from the Pacific coast 
(~ 100 km), whereas at Puerto Montt, the isotopic composition is controlled 
mainly by the temperate maritime climate conditions (Fig. 9.61; Table 9.16). 

Table 9.16  Mean monthly precipitation P (mm) and temperature T (°C) characteristics were 
derived from the most recent monthly gridded Global Historical Climatology Network 
(GHCN) version 3.0 product (Peterson and Vose, 1997). Total annual precipitation and annual 
average temperature are also given.

Month

La Serena Santiago Puerto Montt Punta Arenas

P (mm) T (°C) P (mm) T (°C) P (mm) T (°C) P (mm)
T

(°C)

January 0.0 17.5 10.0 21.0 238.7 6.6 35.2 1.1

February 0.0 17.5 10.0 20.0 228.5 6.8 32.2 2.0

March 1.0 16.5 12.0 18.0 155.9 7.8 28.2 3.8

April 9.4 15.0 16.0 15.0 130.9 9.6 30.7 6.3

May 16.2 13.5 52.0 12.0 121.9 11.6 36.7 8.2

June 18.9 12.0 42.0 9.0 113.1 13.4 27.6 9.6

July 38.2 12.0 86.0 9.0 100.1 14.3 41.9 10.4

August 11.4 12.0 45.0 10.0 103.3 13.6 27.8 10.1

September 3.0 13.0 24.0 12.0 108.9 12.1 33.6 8.1

October 7.1 14.0 12.0 15.0 163.3 10.1 41.0 5.8

November 1.3 15.0 10.0 17.0 254.1 8.9 46.6 3.2

December 0.8 16.5 10.0 19.0 233.8 6.7 28.2 1.4

Annual 106.0 14.0 329.0 13.9 1952.0 10.3 410.0 5.8

Summary of Isotopic Effects and Wider Implications 

Despite the latitudinal difference, the Santiago station exhibited more 
depleted isotope values than Puerto Montt, most likely due to the 
orographic distillation in a ~ 100 km transect from the coast to approximately  
520 m a.s.l. Nevertheless, the location of the four stations along a unique 
latitudinal transect (30° S–53° S) resulted in clear isotopic trends from north 
to south (Fig. 9.62). Overall, long-term δ18O (δ2H) values ranged as follows: 
–4.9‰ (–29.6‰) (La Serena), –7.4‰ (–50.6‰) (Santiago), –5.5‰ (–36.6‰) 
(Puerto Montt) and –9.1‰ (–70.5‰) (Punta Arenas). Likewise, long-term 
d-excess and lc-excess exhibited a latitudinal decreasing trend: +9.8‰ 
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Fig. 9.62  (A) Monthly precipitation (mm) and δ18O (‰) relationship for each station. (B) Air 
temperature (°C) and δ18O (‰) relationship for each station. (C) Elevation (m a.s.l.) and δ18O 
(‰) relationship across Chile.
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(+1.7‰) (La Serena) +8.3‰ (–0.4‰) (Santiago), +7.7‰ (–0.5‰) (Puerto 
Montt) and +2.3‰ (–6.9‰) (Punta Arenas), reflecting the influence of non-
equilibrium processes as mean annual temperature decreases and snow 
formation increases towards the southern regions (Table 9.16). Normally, 
the latitudinal effect is in the order of –0.6‰/degree and up to –2‰/
degree in the colder Antartic continent (Mook, 2006). The latitudinal effect 
from La Serena (30° S, δ18O mean = –4.9‰) and Punta Arenas (53° S, δ18O 
mean = –9.1‰) was ~ 0.2‰/degree. The distinct monthly precipitation 
amounts converged in significant amount relationships at three locations: 
–2.6‰/100 mm (Punta Arenas; P = 0.004), –1.5‰/100 mm (Puerto Mont;  
P < 0.001) and –2.0‰/100 mm (Santiago) for δ18O. Similar amount effects 
have been reported in high elevation cordilleras (up to 3,820 m a.s.l.; Sánchez-
Murillo et al., 2016b). No significant precipitation amount relationship was 
found at La Serena station (Fig. 9.62A). A significant temperature effect 
was observed only at two stations: Punta Arenas (+0.34‰/°C) and Puerto 
Montt (+0.40‰/°C) δ18O, respectively (Fig. 9.62B). These values are in 
agreement with global temperature effects of +0.4‰/°C for δ18O (Mook, 
2006). However, Fiorella et al. (2015) conducted a precipitation collection 
in the central Andes Cordillera during 2008–2013 (elevation range: 395 to 
4,340 m a.s.l.) and reported an isotopic lapse rate of –1.9 ± 0.5‰/km. In 
addition, Poage and Chamberlain (2001) compiled 68 studies throughout 
many of the world’s mountain belts and found an empirically consistent, 
linear relationship between change in elevation and change in the isotopic 
composition of precipitation along altitudinal transects. They concluded that 
there were no significant differences in isotopic lapse rates from most regions 
of the world (~ –2.8‰/km). Figure 9.62C shows the relationship of δ18O 
versus elevation (only for sites where elevations were properly reported). 
The elevation range covers ~ 5,000 m a.s.l. Based on this significant linear 
regression, the orographic effect across the western slope of the southern 
Andes Cordillera can be described as –3.47‰/km for δ18O in contrast to 
an average lapse rate of –1.45‰/km derived from Bowen and Revenaugh 
(2003). 

The western slope of the Andes Cordillera is an exceptional case, 
because precipitation at higher elevation is controlled by continental 
air mass trajectories from the Atlantic Ocean, which travel through a 
wide range of biomes from the Amazon Basin to the Patagonia region, 
resulting in depleted precipitation. In contrast, in the coastal and central 
lowland regions, precipitation is mainly governed by the southeastern 
Pacific Ocean dynamics, resulting in enriched precipitation (Aravena et 
al., 1999). The combination of both processes is reflected in large apparent 
orographic effects, but also in remarkable spatial isotopic differences. 
Figure 9.63 shows a gridded mean annual δ18O (‰) below ~ 20° S for 
South America according to Bowen and Revenaugh (2003). Although, this 
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precipitation isoscape captures the isotopic difference within the western 
and eastern slopes of the Andes Cordillera, the relative magnitude of the 
isotopic composition appears to be strongly biased by the temperature  
effect, which is based solely on latitude and altitude estimations  
(e.g., δ18Op = a/Latx/

2 + b/Latx / + cAltx; Bowen and Revenaugh, 2003), without 
taking into consideration the strong influence of the southeastern Pacific 
anticyclone (high pressure area) and circumpolar low pressure area from 

Fig. 9.63  Gridded mean annual δ18O (‰) below ~ 20ºS for South America according to 
Bowen and Revenaugh (2003). Long-term stable isotope monitoring stations are defined by 
red triangles.
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Fig. 9.64  Representative 10-day air mass back trajectories calculated using the HYSPLIT model 
(Stein et al., 2015) for the three wettest months in 2015 at La Serena (A), Santiago (B), Puerto 
Montt (C), and Punta Arenas (D) monitoring station. Months are color coded.

the Antarctic Sea. The latter is represented in the HYSPLIT air mass back 
trajectories (Fig. 9.64). During the wettest months, precipitation at La Serena 
and Santiago mainly originated from within the southeastern Pacific Ocean, 
whereas a strong Antarctic Sea influence was observed at Puerto Montt and 
Punta Arenas. Figure 9.65 shows representative isotopic data in different 
hydrological components. Although, historical isotopic studies in Chile have 
been highly concentrated in the northern region, the available data serve 
as a fundamental reference. As expected, ice coring data at high elevation 
sites presented the most depleted compositions but in a similar range of 
modern precipitation (Fig. 9.59). In the northern region, groundwater and 
surface water exhibited strong secondary evaporation processes; however, 
the isotopic spectrum (Fig. 9.65) also highlighted the relevance of spring 
recharge at high elevations in several locations in the western slope of the 
Andes Cordillera. 
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Fig. 9.65  Dual δ2H–δ18O (‰) diagram including: available isotopic data (i.e., surface water, 
groundwater, ice coring, and geothermal) from IAEA archives for Chile, Uribe et al. (2015), 
and Oyarzún et al. (2014). Samples are symbol and color coded.

Conclusions

Continuous (> 10-years) stable isotope records in precipitation along 
the Andes Cordillera are scarce. However, the recognition that modern 
precipitation dynamics may help to understand past climate conditions in 
paleo-archives has increased the number of monitoring efforts and related-
hydrological studies. This study presents a long-term analysis (24-years) 
of monthly stable isotopes in precipitation across four stations in Chile (La 
Serena, Santiago, Puerto Montt and Punta Arenas). Overall, the 24-year 
continental meteoric water line of Chile is described as: δ2H = 7.66 δ18O  
+ 3.42 (r2 = 0.94) with a mean d-excess of +7.0‰. The second-order variables, 
d-excess (lc-excess), exhibited a strong latitudinal decreasing trend: +9.8‰ 
(+1.5‰) (La Serena), +8.3‰ (–0.4‰) (Santiago), +7.7‰ (–0.5‰) (Puerto 
Montt) and +2.3‰ (–6.9‰) (Punta Arenas), likely reflecting the influence 
of non-equilibrium processes as mean annual temperature decreases and 
snow formation is favored towards the southern regions. Long-term δ18O 
ranged from enriched values within the northern semi-arid region of La 
Serena to a more depleted composition in the coastal Patagonia region of 
Punta Arenas, whereas intermediate δ18O compositions were observed 
within the central and higher elevation region of Santiago and the southern 
coastal region of Puerto Montt. This isotopic pattern is well depicted in the 
surface water and groundwater domains.
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Representative 10-day HYSPLIT air mass back trajectories revealed 
the strong influence of two major atmospheric transport mechanisms: 
the sub-tropical southeastern Pacific anticyclone (high pressure area) and 
the circumpolar low pressure area from the Antarctic Sea. The latitudinal 
spectrum among the monitoring network resulted in (a) a significant 
precipitation amount effect (P < 0.01) in three stations: –2.6‰ δ18O/100 
mm (Punta Arenas), –1.5‰ δ18O/100 mm (Puerto Montt), and –2.0‰ 
δ18O/100 mm (Santiago), and (b) a temperature effect only significant  
(P < 0.01) at Punta Arenas (+0.34‰ δ18O)/°C) and Puerto Montt (+0.40‰ 
δ18O/°C) stations. The relationship of δ18O versus elevation (only for sites 
where elevations were properly reported) resulted in an orographic effect 
across the western slope of the southern Andes Cordillera of –3.47‰/km 
for δ18O. Finally, the absence of a continuous sampling transect from the 
coast to the high elevations within the Andes Cordillera of Chile invokes 
the need of further investigation of altitude and/or orographic effects under 
a changing climate. This investigation should be complemented with the 
implementation of surface water and groundwater isoscapes, which can 
significantly improve the spatial understanding of hydrological connectivity 
between high elevation recharge and lowland discharge within the Pacific 
slope of the Andes Cordillera.
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Figure 9.67S: 2H (‰) and lc-excess (‰) relationship for each long-term station. The 
horizontal black line denotes the lc-excess value of 0 (‰). 

 

 

 

Fig. 9.67S  δ2H (‰) and Ic-excess (‰) relationship for each long-term station. The horizontal 
black line denotes the Ic-excess value of 0 (‰).

 

Figure 9.66S: 2H (‰) and d-excess (‰) relationship for each long-term station. The 
horizontal black line denotes the d-excess value of +10 (‰). 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 9.66S  δ2H (‰) and d-excess (‰) relationship for each long-term station. The horizontal 
black line denotes the d-excess value of +10(‰).
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